Abstract: Mutagenesis is a powerful tool that has been used to create genetic materials for studying functional genomics, breeding, and for understanding the molecular basis of disease resistance. Approximately 100 000 putative mutants of rice (Oryza sativa L.) have been generated by mutagens. Mutant genes involved in plant architecture, grain quality and disease resistance have been isolated and characterized. Numerous rice cultivars with high yields and superior grain quality have been developed and deployed effectively for rice production worldwide. In this review, we described the ethyl methanesulfonate (EMS), irradiation, and fast neutron methods used to create rice mutants; methods for the analysis of rice genes that are responsible for mutations; the use of new mutants for rice breeding and functional genomics; and the molecular mechanisms of blast resistance gene-mediated defence responses.
In nature, plant mutation rates occur between 10 -5 and 10 -8 during adaptation and evolutionary processes. This frequency of natural mutations is extremely low and is inadequate for plant breeding, which requires abundant genetic variations of useful traits for crop improvement. Mutagenic agents, such as radiation and chemicals, have been used to induce mutations to create genetic variations from which desired mutants can be selected. Mutation breeding has become a very productive breeding tool that offers the possibility of inducing desired attributes that are not found in nature or that have been lost during domestication. Traditionally, crop mutants with economic value have been selected, and mutants with no perceived economic value have been discarded during farming and breeding processes. Recent advances in DNA sequencing technology have made it possible to assign biological function to many plant genes, which have become the subject of functional genomics studies. Advances in transcriptomics, proteomics, metabolomics, and phenomics have opened up the promising possibility of uncovering the molecular bases of biological processes (Morrell et al, 2012) .
Knowledge of the genes that underlie agronomically important phenotypes will benefit crop improvement. Numerous artificial mutation methods, including the use of chemical agents and physical irradiation, have been developed in plants to create random mutants.
Rice (Oryza sativa L.) is one of the most important food crops in the world, feeding more than 50% of the world's population. Rice provides over 21% of the calorific needs of the world's population, and up to 76% of the calorific intake of the population of South East Asia (Fitzgerald et al, 2009) . With the completion of the rice genome sequence (Goff et al, 2002; Yu et al, 2002; IRGSP, 2005) and the availability of large collections of phenotypic data, the rice genes can be functionally annotated. However, the rapid increase in the world's population, particularly in developing countries where rice is the major stable food resource, demands increased rice production. Although rice yields have been increased significantly with the deployment of semi-dwarf and hybrid rice cultivars worldwide, many production bottlenecks still exist; for example, limited availability of germplasm with beneficial alleles, increased pressures of biotic stress, and yield loss caused by disease has increased by 30% (Skamnioti and Gurr, 2009) . Of particular importance is rice blast, which has re-emerged as a major negative element that can affect stable rice production and food security in many rice-growing countries (Khush and Jena, 2009) . The use of resistant varieties is one of the most important methods used to control this disease (Chen and Ronald, 2011) . To date, over 80 race-specific blast resistance (R) genes have been identified, 18 of which have been molecularly characterized. Most of the cloned blast R genes are very similar to other plant R genes that encode putative receptor proteins with nucleotide binding sites and leucine-rich repeats (RoyChowdhury et al, 2012) . However, the molecular interaction mechanisms between the blast R genes and the blast-causing fungus Magnaporthe oryzae remain largely unclear.
In this review, we described methods that have been used to create useful rice mutants with ethyl methanesulfonate (EMS), irradiation, and fast neutrons, analyzed rice genes that are responsible for mutations, investigated the potential applications of new mutants for functional genomics studies and breeding and studied the molecular mechanisms of the blast R gene-mediated defence responses.
Rice mutants induced by mutagens
Chemical mutagens are ideal for inducing dominant mutant alleles, while physical mutagens are ideal for recessive mutations. Recurrent mutagenic treatments can increase mutation frequency, and consequently may introduce new beneficial mutations (Shu, 2009) .
Chemical mutagenesis by EMS
EMS is one of the most frequently used chemical agents for creating mutations. This alkylating agent can efficiently induce chemical modification of nucleotides, which results in various point mutations, including nonsense and missense mutations. Biased alkylation of guanine (G) residues results in the formation of O 6 -ethylguanine, which can pair with thymine (T) instead of with cytosine (C). Through subsequent DNA repair, the original G/C pair can then be replaced with adenine (A)/T (Greene et al, 2003) . The majority (99%) of times, EMS induces C-to-T changes resulting in C/G to T/A substitutions (Krieg, 1963; Greene et al, 2003) . At a much lower frequency, EMS also generates G/C to C/G or G/C to T/A transversions by 7-methylguanine hydrolysis or A/T to G/C transitions by 3-methyladenine pairing errors (Krieg, 1963) . EMS can be used to create loss-or gain-of-function mutants and to understand the functional role of single amino acid residues. EMS mutagenesis has been demonstrated to create useful breeding lines (Lee et al, 2003) .
Fast-neutron mutagenesis
Fast-neutron bombardment of seeds often induces deletions that range in size from a few base pairs to several kilobases (Shirley et al, 1992; Bruggemann et al, 1996) . The procedure of fast-neutron mutagenesis for rice can be described as follows: (1) At least 500 dried rice kernels per sample are needed; (2) A range of 18-30 Gy (Gray) fast neutrons can be used for 2-15 h; and (3) After the fast-neutron treatment, the seeds should be planted immediately in soil or in vitro. M 1 seeds can be planted in soil or on plates for mutant screening. M 2 seeds can be produced from M 1 in soil by self-pollination. A squeeze bottle can be used to plant M 1 seeds uniformly in soils (Li et al, 2001; Li and Zhang, 2002) .
Fast neutrons were used effectively to disrupt small genes or tandemly arrayed genes resulting in 24 660 putative mutant lines (Li et al, 2001) , and in another study, 10 000 putative rice mutant lines were created using fast-neutron bombardment (Wu et al, 2005) . However, a disadvantage of fast-neutron mutagenesis is that it requires a large sample size, because some deletions are apparently too large to be identified using conventional molecular methods (Emmanuel and Levy, 2002) .
Mutagenesis by physical irradiation
Induced mutation with γ-rays was first discovered in organisms in 1930 (Muller, 1930) . Subsequent studies demonstrated that γ-ray treatment was one of the most efficient mutagens for plants. The procedure of γ-ray mutagenesis for rice is identical to that of fast-neutron mutagenesis except for the intensity of the treatment. The dosage for γ-ray mutagenesis is in the range 200-300 Gy per sample.
In summary, since the 1980s, approximately 100 000 rice accessions have been generated by radiation-, chemical-or insertion-induced mutagenesis (Jiang and Ramachandran, 2010) . Major rice mutant resources, contributors, and databases are listed in Table 1 ( Krishnan et al, 2009) .
Screening and identification of mutated rice genes

TILLING for mutation screening
The Targeting Induced Local Lesions in Genomes WANG Zhong-hua, et al. Development and Characterization of Rice Mutants ( Rice Science, Vol. 21, No. 4, 2014 (TILLING) method was developed a decade ago in Arabidopsis thaliana (McCallum et al, 2000) . TILLING uses classical mutagenesis, sequence availability, and high-throughput screening for nucleotide polymorphisms in a target sequence. The TILLING method for mutant screening in rice is as follows: (1) Extract DNA from individual M 2 plants; (2) Create DNA pools of 5-8 M 2 plants, and set up an M 3 seed bank; (3) Detect mutations in a targeted sequence by i) polymerase chain reaction (PCR) amplification of the targeted DNA segment using pooled DNA as the template; ii) mutation detection using, for example, cleavage by specific endonuclease, denaturing high-performance liquid chromatography (DHPLC), or high-throughput sequencing; iii) sequencing the target gene segment to confirm the mutation; and iv) determining the type of nucleotide change; and (4) Analyze the mutant phenotype ( Fig. 1 ) (Till et al, 2007) .
A major advantage of TILLING is that it can be applied to any plant species regardless of genome size, ploidy level, or method of propagation. EMS is often used for TILLING because it can create a high frequency of point mutations distributed randomly in the genome. The public TILLING platform for rice consists of 3 000-5 000 M 2 EMS-treated individual plants, although larger populations that include 10 000 plants have also been reported . The high density of mutations in established TILLING populations are summarized in Tables 2 and 3 (Kurowska et al, 2011) .
Once established, the TILLING platform can serve as a permanent source of mutations. In many cases, phenotypic observations of the M 2 generation are performed and large M 3 generations are generated for screening (Talamè et al, 2008; Wang E T et al, 2008; Himelblau et al, 2009; Minoia et al, 2010; Kurowska et al, 2011) . A detailed phenotypic evaluation of M 2 and M 3 progeny makes it possible to enrich the population for mutations in a specific gene, or for plants that bear a specific phenotypic change.
The TILLING procedure is affiliated with bioinformatic tools for mutation detection, including mismatch-specific and sensitive endonucleases, and with next-generation sequencing technologies for single nucleotide polymorphism (SNP) discovery. Deletion TILLING (Wang et al, 2010) , a recent modification of the original TILLING strategy, is now publicly available.
Gene-specific markers for tagging mutant genes
Molecular markers have to meet significant technical requirements for DNA quantity and quality, reproducibility, and cost to be suitable for automation (Table 4) . Various technologies have been developed to detect SNPs, and small InDels can now be detected easily with multi-capillary electrophoresis systems. Some molecular markers harbour genetic variation solely at a single position, whereas others harbour variations simultaneously at multiple loci. Some molecular markers are co-dominant, allowing each allele to be distinguished, while others are dominant, indicating only the presence or absence of a marker (Table 4) .
Potential uses of rice mutants
Gene discovery using induced mutants
When a mutant phenotype is discovered and confirmed, the mutant plants can be used for gene EMS, ethyl methane sulfonate; Az-MNU, sodium azide plus methyl-nitrosourea; CELI, celery nuclease.
After seed mutagenesis, chimeric M 1 plants are allowed to self-pollinate and a single M 2 plant is grown to provide DNA for mutation discovery and seeds for banking. DNAs are pooled eight-fold and arrayed in two-dimensional format on 96-well plates. After PCR amplification of the target genes, heteroduplexes are formed by heating and annealing, and then digested using crude celery juice extract containing the CELI nuclease. Digested DNA fragments are separated by denaturing polyacrylamide gel electrophoresis and visualized by fluorescence detection using a Li-Cor DNA analyzer. The presence of digested products in two pools identifies the individual harbouring the polymorphism. discovery. Thus far, 64 rice genes that are responsible for mutant phenotypes in plant development, photosynthesis, signalling transduction and disease resistance have been isolated and mapped to the rice genome (Table 5) .
Breeding using induced mutants
Induced mutants play significant roles in rice breeding. Thus far, 443 rice cultivars have been developed by mutation breeding using EMS, fast neutron, and gamma irradiation (Kharkwal and Shu, 2009) . In 1976, the first semi-dwarf rice cultivar, Calrose 76, which has a 15% yield advantage over tall cultivars, was developed in the United States (Rutger, 2009) . Subsequently, Calrose 76 has been the source of numerous semi-dwarf cultivars developed by US researchers. The sd1 growth candidate gene, from either induced mutation or indica cultivars, has been associated with enhanced productivity (Reagon et al, 2011) . Subsequently, useful mutants with the following characteristics were developed: early maturity, endosperm quality, elongated uppermost internode, genetic male sterile, improved nutritional quality because of low phytic acid, giant embryo mutants of potential interest to the rice oil industry, and adapted basmati and jasmine germplasm (Rutger, 2009) . In China, the most widely grown rice cultivar, Zhefu 802, induced from Simei 2 by γ-rays, has a relatively short growing period (105-108 d), high yield potential, wide adaptability, high resistance to rice blast and cold tolerance (Ahloowalia et al, 2004) . Zhefu 802 was grown in an astounding 10.6 million hm 2 from 1986 to 1994 in China (Shu et al, 1997) . Two other significant rice cultivars, Yuanfengzao (1970's) and Yangdao 6 (2000's), developed from early date and semi-dwarf mutants, and released before and after Zhefu 802, were grown in one million hm 2 annually (Ministry of Agriculture, China, unpublished data).
Interaction mechanisms of rice with blast fungus,
Magnaporthe oryzae, using induced mutants
Rice blast disease is one of the most destructive rice diseases worldwide, and the rice blast system is one of the best models for studying the molecular mechanism of host-pathogen interactions. Available resources for this system include the map-based genome sequences of rice (IRGSP, 2005) , draft sequence of a strain of the fungal pathogen (Dean et al, 2005) , and high density integrated physical and genetic maps of rice (IRGSP, 2005) , all of which have contributed to the genetic analysis of rice and the rice blast pathogen. To date, over 80 race-specific blast resistance (R) genes have been identified, 18 of which have been characterized at the molecular level. Most cloned rice blast R genes are highly similar to other plant R genes that encode putative receptor proteins with nucleotide binding sites and leucine-rich repeats (RoyChowdhury et al, 2012) . Mutagenesis was used to investigate other plant genes involved in an effective blast resistance gene Pi-ta. The US cultivar, Katy, which expressed resistance, conditioned by Pi-ta, Pi-ta 2 , and Pi-ks, to the races of M. oryzae, IB1, IB45, IB49, IB54, IC17, IH1, IE1, and IG1, was treated with fast neutrons and EMS. Six mutants with enhanced resistance or susceptibility to M. oryzae were identified by screening M 2 seedlings derived from 15 000 M 1 plants. Among them, M562, induced by EMS, was identified as a lesion mimic mutant (named lmm1) that produced spontaneous hypersensitive cell death. lmm1 is similar to Sekiguchi sasahi (sl) (Marchetti et al, 1983) . M562 and lmm1 both produce spontaneous cell death and are conditioned by single recessive genes (Marchetti et al, 1983; Jia, 2005) . lmm1 had enhanced resistance to both rice blast and sheath blight pathogens. An allelism test found that lmm1 was not allelic to sl (Jia, unpublished data), implying that lmm1 may be a new useful genetic resource for understanding the molecular basis of the rice defence response to the pathogen. Another of the six mutants, M2354, has a defect at the ptr(t) locus, which results in its susceptibility to blast, and the Ptr(t) gene was later identified to be required for both the Pi-ta-and Pi-ta 2 -mediated defence response in this mutant (Jia and Martin, 2008) . The identification of Ptr(t) represented a significant advance in the understanding of Pi-ta-mediated blast resistance. Pi-ta confers resistance to M. oryzae races that express the avirulence gene AVR-Pita, and Ptr(t) also confers resistance to the M. oryzae races, suggesting that these races either contain another avirulence gene or that Pi-ta and Ptr(t) both confer resistance to the of M. oryzae races that express AVR-Pita. The presence of a Pi-ta allele with the same size and similar expression levels in the parent Katy and M2354, indicates that the loss of resistance in M2354 is independent of the expression of the Pi-ta gene. Further molecular and genetic analysis of Pi-ta and Ptr(t) should lead to a better understanding of pathogen recognition mediated by the Pi-ta/Ptr(t) pathway and contribute to the genetic engineering of disease resistance in rice and other crop plants. 
Prospects
Mutation techniques have been used in crop breeding for more than 50 years, and more than 1 000 cultivars of 44 crop species have been released (Shu, 2009) . Numerous mutant cultivars have been grown on a large-scale bringing significant economic impact, sustaining crop production, and greatly contributing to secure stable food production in stress prone areas of the world (Ahloowalia et al, 2004) . Despite the abundance of molecular markers and the availability of TILLING resources, challenges still lie ahead in mutant screening, particularly for traits that cannot be (Tsai et al, 2011; Monson-Miller et al, 2012) . With the availability of next-generation DNA sequencing technologies, mutation screening will become more affordable (Austin et al, 2011) . In addition, more user-friendly screening methods and functional genomics tools have become available, making it possible to study more agronomically important traits at the molecular level. These developments will help increase the knowledge that can be applied to secure the global food supply.
